1. Introduction
===============

Atherosclerosis, hypertension and consequent cardiomyopathy tend to have a common basis at the level of endothelial dysfunction \[[@r1], [@r2]\]. The molecular basis of endothelial dysfunction resides largely on oxidative stress and its impact on chemical derangement at the level of transcription, translation and post translational mechanisms. The generation of reactive oxygen species (ROS) in an uncontrolled fashion leads to oxidative stress.

Age-dependent changes in ventricular remodeling and apoptosis in cardiac tissue correlate with oxidative stress \[[@r3]-[@r5]\]. Nrf2, a transcription factor is involved in regulation of genes that contain specific sequences called Antioxidant Response Elements (AREs) \[[@r6], [@r7]\]. ADMA is an endogenous competitive inhibitor of nitric oxide synthase \[[@r8]-[@r13]\]. Nrf2 decreases oxidative stress by regulating the expression of antoxidant genes while ADMA enhances oxidative stress by inhibiting the nitric oxide pathway *via* competitive inhibition of nitric oxide synthase pathway. This review will therefore focus on the interaction of two molecules Nrf2 (Nuclear erythroid-2-p45-related factor-2) and ADMA (Asymmetric DiMethyl Arginine). Therapeutic strategies to target these two molecules could probably help restore homeostasis during the aging process.

2. Nrf2 IN CARDIOVASCULAR AGING
===============================

ROS which comprises free radicals such as superoxide anion (*∙*O^2−^) and other small molecules (hydrogen peroxide (H~2~O~2~), hydroxyl radical (*∙*OH), and hypochlorite (OCl*^∙^*^−^)) are produced as a result of redox reactions in the system. The synthesis and degradation of these molecules need to be in a homeostatic equilibrium to maintain health. ROS function as important regulators of health and disease processes at the biochemical level. Increased ROS is the molecular basis of cardiovascular diseases as it leads to necrosis and apoptosis of the cardiomyocytes. Other important players in this process are the antioxidant pathways that operate to regulate the ROS metabolism. The pathways of antioxidant mechanisms are the free radical scavengers such as vitamins and other antioxidant molecules, hepatic detoxification and conjugation systems as well as proteins which contain AREs. One of the important modulators of the AREs is Nrf2. Nrf2 in its turn regulates a number of proteins/ enzymes involved in pathogenesis and consequent structural remodeling underlying cardiomyopathy. The addition and removal of ubiiquitin to nrf-2 alters the half- life and location of this molecule and dictates its role in antioxidation. A simplified version of complex molecular interactions involved in this process is depicted in Fig. (**[1](#F1){ref-type="fig"}**) \[[@r6], [@r14]-[@r18]\].

Nrf-2 studies in rodent models have suggested a protective role in cardiac remodeling secondary to hypertension \[[@r17]\]. The antioxidant gene superoxide dismutase (SOD) that is regulated by nrf-2 has been shown to be upregulated in a mouse model system of extracellular SOD deficiency under hemodynamic stress \[[@r18]\]. In rat cultured cardiomyocytes overexpression of heme oygenase -1 (HO-1) appears to attenuate cardiac hypertrophy induced by angiotensin II. This is relevant as HO-1 is one of the antioxidant genes that is upregulated by nrf-2 \[[@r19]\]. In adult spontaneously hypertensive rats, up regulation of the HO-1 appears to suppress the hypertensive stress induced hypertrophy \[[@r20]\]. Additionally synthetic activators of nrf-2 have been shown to protect mice subjected to hemodynamic stress from pathological response to stress suggesting a role for nrf-2 up regulation of antioxidant genes \[[@r21], [@r22]\].

3. ROLE OF ANTIOXIDANT TARGETS OF nrf-2 IN CARDIOMYOPATHY
=========================================================

In ischemia-reperfusion injury ROS generated can damage cell membranes and affect the subcellular proteins as well as activate pro apoptotic pathways \[[@r23]\]. Additionally such changes at the cellular and subcellular levels can lead to ventricular remodeling, progressive chamber dilation, wall thinning, and eventually heart failure secondary to ischemic cardiomyopathy \[[@r24]\]. In adult male rats who were subjected to thirty minutes of ischemia followed by reperfusion treatment with alpha lipoic acid appeared to attenuate cardio toxic changes and remodeling by decreasing myocyte necrosis, apoptosis and inflammation status post ischemia-reperfusion injury. This effect was found to be mediated *via* up regulation of the PI3 kinase/ Akt pathway and consequent nuclear translocation of nrf-2 which in turn led to induction of HO-1 an antioxidant enzyme \[[@r25]\]. The cardio protective role of fumarate has also been shown in knockout mice lacking the fumarate hydratase enyme to be mediated *via* up regulation of nrf-2 and the subsequent antioxidant targets \[[@r26]\]. The HO-1 protein has been shown to be up regulated in failing hearts and the effect reversed when these patients were supported on left ventricular assist devices \[[@r27]\].

In a diabetic mouse model overexpression of HO-1 was noted to reverse cardiac dysfunction \[[@r28]\]. Up regulation of other antioxidant genes such as Mn SOD and glutathione peroxidase have been noted in mouse models to protect stress induced cardiac dysfunction \[[@r29], [@r30]\]. These studies suggest a role for nrf-2 and downstream regulation of the antioxidant genes in diabetic cardiomyopathy.

In anthracycline cardiotoxicity it is still debated whether nrf-2 plays a role as animal model systems do not show consistency in up regulation of nrf-2 and its target antioxidant genes \[[@r31], [@r32]\]. This area needs further investigations.

Additionally nrf-2 has been implicated in cardiovascular aging because of its down regulation in aging \[[@r33]-[@r36]\]. In the drosophila intestinal stem cells loss of nrf-2 function is associated with age dependent cell degeneration suggesting an important role in redox homeostasis \[[@r37]\]. Further investigations in clinical heart failure and the human system are warranted in this area.

4. Effect of ADMA and NO on cardiovascular aging
================================================

Increase in oxidative stress and decreased nitric oxide (NO) responsiveness is also noted in aging. Platelet NO response appears to be affected with aging and elevated in post-menopausal women. NO resistance can be explained at the biochemical level as a result of depletion of NO by superoxide anion, resulting in oxidative stress. Inactivation of sGC has been suggested to contribute to this. The major antioxidant protein Thioredoxin (TRX) is inhibited by Thioredoxin (TRX) -interacting protein (TXNIP) which also deranges NO signaling. TXNIP increases with age. Other molecules like thrombospondin (TSP) also increase with age and activate NADPH oxidase resulting in more ROS production and inactivation of soluble guanylate cyclase \[[@r38]-[@r43]\].

ADMA has been shown to increase with age \[[@r44], [@r45]\]. Increased ADP-induced platelet aggregation, plasma ADMA concentrations, as well as reductions in platelet NO responsiveness have been associated with aging \[[@r46], [@r47]\]. Deterioration in platelet NO responsiveness and increases in ADMA concentrations correlate with aging. However the finding that ADMA is elevated in older women versus men is still debated \[[@r47]-[@r49]\]. The levels of ADMA are influenced by renal function as well as its enzymatic metabolism \[[@r50]-[@r54]\]. The ADMA metabolic pathway is briefly summarized in Fig. (**[2](#F2){ref-type="fig"}**).

5. REGULATION OF ADMA BY nrf-2
==============================

The interaction of Nrf with ARE results in transcriptional activation of antioxidant genes that afford cytoprotection from oxidative stress. An interesting aspect of nrf-2 regulation of antioxidant mechanisms is its role in activating dimethyl arginine dimethyl aminohydrolase (DDAH-1) which metabolizes ADMA. Such an interaction would regulate ADMA levels in the cell which would enhance the NO pathway as ADMA is an endogenous competitive inhibitor of NO synthase. It has been shown that activation of nrf-2 in a human renal glomerular endothelial cell system by tert-butylhydroquinone significantly increased NO and the activities of NOS and DDAH and decreased ADMA \[[@r55]\]. The mechanism of action involved activation of nrf-2 and downstream up regulation of the antioxidant genes such as hemoxygenase-1 as well as eNOS, DDAH-1 and -2 and PPAR-γ. One of the notable effects was the translocation of Nrf2 into the nucleus. As NO production has many positive pleiotropic effects in the cardiovascular system, such an interaction could be utilized for designing molecular therapeutics. Upregulation of the antioxidant genes cause reduction of reactive oxygen species, while activation of DDAH-1 and -2 reduces ADMA. Activation of PPAR-γ by nrf-2 would increase eNOS and its phosphorylation thus integrating all pathways that enhance endothelial NO generation. Fig. (**[3](#F3){ref-type="fig"}**) illustrates the interaction of nrf-2, ADMA and the NO pathway.

6. INTERACTION BETWEEN ADMA, HOMOCYSTEINE AND nrf-2
===================================================

The interactions between ADMA, homocysteine and nrf-2 are rather complex. Investigations on the role of ADMA in aging of endothelial cells *in vitro* showed significant increase in senescence and accelerated telomere shortening with concomitant decrease in telomerase activity \[[@r56]\]. Decreases in DDAH accompanied these changes \[[@r56]\]. Antioxidants such as pyrrolidine dithiocarbamate decreased DDAH activity and ablated the effect of ADMA *in vitro*. S-adenosylhomocysteine (SAM), an inhibitor of s-adenosyl methytransferase has been found to nullify the effects of ADMA on endothelial senescence. SAM loses its methyl group to a methyl acceptor to form s-adenosylhomocysteine (SAH) which is in turn converted to homocysteine. Hyperhomocysteinemia is regarded as an important cardiovascular risk factor. Association between increased levels of homocysteine and cardiovascular disease may be explained by low SAM levels or a low SAM/SAH ratio. Homocysteine increases endothelial senescence *via* DNA hypomethylation mechanisms involving the human telomerase reverse transcriptase *in vitro* \[[@r57]\]. Biochemical pathways link homocysteine and ADMA. Both molecules have been correlated with arterial stiffness positively and may influence vascular aging in patients with systemic lupus erythematosis who have accelerated atherosclerotic disease \[[@r58]\].

7. Therapeutic targets
======================

Molecular therapeutics such as flavonoid and phenolic antioxidants including resveratrol have been implicated in inducing the AREs \[[@r59]\]. Animal studies show benefits of resveratrol in decreasing deleterious effects of oxidative stress *via* activation of nrf-2 in animal models \[[@r60], [@r61]\]. In clinical trials high doses of resveratrol have been shown to be beneficial in hypertension management \[[@r62], [@r63]\].

8. Balance between ROS and antioxidants
=======================================

Oxidative stress occurs when the balance between production and degradation of ROS is lost. Hence it is imperative to evaluate the physiological roles of ROS when deciding on treatments that decrease ROS. Oxidative stress increases with aging associated with mitochondrial abnormalities \[[@r64]\]. It has been postulated that oxidative stress induced dysfunction of the endothelium is the link to cardiovascular aging \[[@r65]\]. Vascular oxidative stress has been linked to nrf-2 dysfunction \[[@r36]\]. Despite all evidence of the bad effects of ROS, existing antioxidant therapies are yet to be proven as beneficial. This is possibly due to lack of existing knowledge on the right balance between ROS species and antioxidant molecules so that normal physiological processes are not hampered. Increase in antioxidants causes increased mortality \[[@r66]\] suggests that defining the fine balance is crucial to discovering efficient therapies against oxidative stress \[[@r67]\].

ROS production has been said to be the cause and effect of the aging processes. Present day knowledge about ROS signaling shows that not only do they participate in dysregulation of cell signaling resulting in cardiovascular pathology but they also positively modulate signaling in normal cell physiology. ROS is involved in physiological cell signaling and helps homeostatic regulation.

Conclusion
==========

The targets for therapy need not be limited to activation of nrf-2 but modulation of molecules downstream such as DDAH I would in turn decrease ADMA levels and support endothelial function by adequate NO production and homeostasis of endothelial function \[[@r68]-[@r70]\]. Many compounds found in nature such as cucurmin, catechins, allicins, sulfurophanes and lycopenes have been known to activate nrf-2 and its antioxidant actions \[[@r71]\]. Modulation of the antioxidant pathways *via* nrf-2 activation appears to be attractive as a therapeutic strategy as this effect can be transduced to a number of downstream molecules \[[@r72]\] but needs to be demonstrated in human studies. The most crucial aspect of antioxidant therapy is defining the right balance to allow enough ROS function for normal physiological processes. Such balance can most likely be achieved by identifying specific molecular therapies to which antioxidant therapies can be targeted.

Future Directions
=================

The concept of antioxidant therapies needs to be tested in well-defined randomized control trials. The biochemical basis of nrf-2 activation needs to be substantiated in human studies as most of the current literature is based on animal models. The molecules tested as therapeutic agents need further investigation as to their efficacy and toxicity in the human system. It is unclear if nrf-2 pathway modulation is more effective when used in prophylaxis versus therapy. Additionally the anti-inflammatory component of this pathway needs to be explored further in the aging process. As oxidative stress and aging go hand in hand, it is imperative to investigate new therapeutic regimens to attenuate the aging process and its detrimental effects. The fact that ROS and antioxidants are compartmentalized opens up future avenues of targeting antioxidant therapies that are more efficient. Directing antioxidant therapies to particular compartments at the subcellular level to disrupt pathological reactions would likely be more specific than the systemic prophylactic therapeutics reported in literature. This would most probably eliminate undesirable side effects noted in a systemic approach which indiscriminately targets all pathway including physiological cell signaling required for the normal metabolic processes.
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